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Abstract
Significance: Forces are important in the cardiovascular system, acting as regulators of vascular physiology and
pathology. Residing at the blood vessel interface, cells (endothelial cell, EC) are constantly exposed to vascular
forces, including shear stress. Shear stress is the frictional force exerted by blood flow, and its patterns differ based
on vessel geometry and type. These patterns range from uniform laminar flow to nonuniform disturbed flow.
Although ECs sense and differentially respond to flow patterns unique to their microenvironment, themechanisms
underlying endothelialmechanosensing remain incompletely understood.Recent Advances:A large body ofwork
suggests that ECs possess many mechanosensors that decorate their apical, junctional, and basal surfaces. These
potential mechanosensors sense blood flow, translating physical force into biochemical signaling events. Critical
Issues: Understanding the mechanisms by which proposed mechanosensors sense and respond to shear stress
requires an integrative approach. It is also critical to understand the role of these mechanosensors not only during
embryonic development but also in the different vascular beds in the adult. Possible cross talk and integration of
mechanosensing via the various mechanosensors remain a challenge. Future Directions: Determination of the
hierarchy of endothelial mechanosensors is critical for future work, as is determination of the extent to which
mechanosensors work together to achieve force-dependent signaling. The role and primary sensors of shear stress
during development also remain an open question. Finally, integrative approaches must be used to determine
absolute mechanosensory function of potential mechanosensors. Antioxid. Redox Signal. 25, 373–388.
Introduction
Mechanical forces influence every area of biology,from early development to adult physiology and pa-
thology. During development, left–right asymmetry of the
growing embryo, pruning of the immature vascular plexus,
and renal morphogenesis are all regulated by mechanical
forces (89, 103). Similarly, in the adult organism, several
physiological processes are dependent on mechanical force
sensing, including the senses of touch and hearing, as well as
pulmonary surfactant production resulting from breathing.
There is also a dark side to force sensing, as tumor metastasis
and atherosclerosis are regulated by pathological forces and
resultant mechanosignaling (103).
In the cardiovascular system, forces are critical determi-
nants of vascular homeostasis and pathological processes.
Vascular smooth muscle cells increase collagen production in
response to stretch, which contributes to normal collagen
synthesis and turnover, but can also lead to the development
of atherosclerosis (82, 121). In addition, increases in cardiac
load due to exercise or hypertension lead to extensive cardiac
remodeling known as cardiac hypertrophy (37). Devastating
conditions, such as aortic dissection, are fundamentally
problems of mechanobiology and result when wall stress
exceeds the strength of arterial walls (73). In addition, in-
flammatory flow patterns, including disturbed and low flow
conditions, contribute to focal atherosclerotic plaque for-
mation, which is the pathology behind debilitating cardio-
vascular events such as stroke andmyocardial infarction (58).
The past 25 years have yielded many insights into the
mechanisms behind shear sensing in endothelial cells (ECs),
including the identification of many putative endothelial
shear stress sensors. This review focuses on the shear stress
mechanosensors that have been identified in ECs and
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categorizes them based on their subcellular localization: lu-
minal, junctional, or basal.
Shear Stress and EC Responses
The vasculature is constantly subjected to twomain forces:
circumferential stretch and fluid shear stress. The force of
stretch, which results from the natural pulsatility of blood
flow, is normal to the vessel wall (21, 134). Stretch can also
arise as the result of chronic hypertension, causing thickening
of arterial walls and decreasing responsiveness to vasodila-
tory stimuli (88). Stretch induces specific signaling pathways
in the endothelium and vascular smooth muscle cells, leading
to a complex suite of phenotypes and communication be-
tween the two cell types (4, 10, 88). Fluid shear stress is the
frictional force felt by ECs as a result of blood flow parallel to
the vessel wall (58). Shear stress is represented as a force per
unit area; the most common units are dynes or Newtons. ECs
throughout the vasculature experience a wide range of shear
stresses and magnitudes (Fig. 1). Arterial shear stresses range
from approximately 10 dyn/cm2 in the aorta to 50 dyn/cm2 in
smaller arterioles (109). Shear stress in the venous circulation
is lower, ranging from 20 dyn/cm2 in venules to 1 dyn/cm2 in
the vena cava (85, 109).
In vivo, blood flow exhibits differential patterns, which fall
into two broad categories: laminar and disturbed flow, also
known as atheroprotective and atheroprone flow, respectively
(Fig. 2) (58). These flow patterns are determined by vessel
geometry and give rise to vastly different gene expression
profiles. The difference in flow patterns is sensed by endo-
thelial mechanosensors, which transfer differential physical
information into divergent biochemical signals. Laminar
flow is characterized by high uniform flow and occurs mostly
in straight areas of the vasculature, such as the descending
aorta (17). ECs in areas of laminar flow align in the direction
of flow, forming large stress fibers, and exhibit low cellular
turnover. Anti-inflammatory genes are highly expressed, in-
cluding the transcription factor KLF2 (17, 111). Conversely,
disturbed flow is characterized by low and oscillatory flow
patterns and is the main flow regimen in areas of the vascu-
lature that are highly curved or bifurcated. ECs that experi-
ence disturbed flow do not align in the direction of flow and
proliferate more rapidly (12, 17). Importantly, inflammatory
gene expression is increased in ECs experiencing disturbed
flow. Inflammatory adhesion molecules such as VCAM-1 are
highly expressed, which can lead to recruitment of mono-
cytes and formation of atherosclerotic plaques (90). In this
manner, areas of disturbed flow are highly correlated with
atherogenesis. In addition to systemic factors such as smok-
ing or high blood cholesterol, EC inflammation caused by
disturbed shear stress ‘‘primes’’ the endothelium for athero-
sclerotic plaque growth. A similar mechanism underlies the
growth of collateral vessels after stenosis of the nutritive
artery. Found throughout the body, collateral vessels are
connectors between different arterial beds (43). Collaterals
normally do not conduct blood, but upon stenosis of a major
artery, blood flowmarkedly increases through the collaterals,
increasing the shear stress experienced by ECs (15, 122, 123).
FIG. 1. Shear stress levels are variable throughout the
vasculature. Arterial shear stress levels are higher than
venous levels, and larger vessels have lower shear than
smaller vessels. To see this illustration in color, the reader is
referred to the web version of this article at www.liebertpub
.com/ars
FIG. 2. Two main types of flow exist in the vasculature:
laminar and disturbed flow. Laminar flow occurs where
vessel gemoetry is straight and uniform, whereas disturbed
flow occurs where vessels bifurcate or curve highly. The dif-
ferent types of flow elicit different endothelial responses. Re-
sponses to laminar flow, termed ‘‘atheroprotective,’’ include
EC alignment in the direction of flow, stress fiber forma-
tion, and KLF2 expression, which lead to anti-inflammatory
gene expression. Disturbed flow responses, termed ‘‘ather-
oprone,’’ are more inflammatory and include NF-jB acti-
vation and associated transcription. In addition, ECs in areas
of disturbed flow are more proliferative and produce more
ROS than ECs in areas of laminar flow. EC, endothelial cell;
ROS, reactive oxygen species. To see this illustration in
color, the reader is referred to the web version of this article
at www.liebertpub.com/ars
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This increase in shear stress leads to mechanotransduction
and activation of signaling pathways that ultimately result in
transient inflammation of the collateral ECs (122). Collateral
ECs increase their proliferation and promote recruitment of
immune cells (18, 123, 131). These processes guide collateral
remodeling, and the collateral vessels eventually increase
their caliber such that they conduct the amount of blood
normally carried by the nutritive artery (122).
Endothelial responses to flow have been studied exten-
sively in vitro. Early responses include K+ and Ca2+ influx,
nitric oxide (NO) production, and reactive oxygen species
production (70, 101, 102, 155). Soon thereafter, activation of
MAP kinases, eNOS and Akt also occur. The discovery that
shear stress activates integrins in ECs (76, 139, 140) opened
up a new avenue of research on the importance of the identity
of the extracellular matrix (ECM) in shear stress signaling
(please see Review Forum article by Yurdagul and Orr). The
current view is that the matrix and, as a result, the specific
integrins that are binding to it serve as a ‘‘check-point’’ that
determines which intracellular signaling responses will be
activated and which will be inhibited. Examples include the
activation of JNKwhen cells are plated on fibronectin and the
activation of p38MAP kinase when cells are on collagen (59,
87, 104). Similarly, the activation of p21-activated kinase and
the inflammatory transcription factor NF-kB is also matrix
specific, occurring specifically on fibronectin (104, 105)
Another important set of signaling molecules is also reg-
ulated by shear stress: members of the Rho family of
GTPases are highly sensitive to both spatial and temporal
regulation by shear stress (138). RhoA is transiently down-
regulated within 5min of onset of shear stress, allowing
breakdown and subsequent reformation of actin stress fibers,
while Rac is transiently activated starting at 5min and
peaking at 30min after onset of shear stress (139, 140). In-
terestingly, activation of Rho family members is subject to
integrin control (138). Shear stress activates endothelial in-
tegrins, which form new connections with the ECM (140).
This activity activates RhoA, which directs rearrangement
of focal adhesions (27). In unstimulated ECs, the focal ad-
hesion protein vinculin is evenly distributed in small puncta
throughout the cell. However, after application of shear
stress, vinculin aggregates into large focal adhesions at the
upstream edge of ECs (50). Proper spatiotemporal activation
of both Rho and Rac is required for alignment of ECs in the
direction of flow (139, 140) as well as establishment of po-
larity in ECs (86). Cdc42 is also activated in response to shear
(153) and its activation is required for polarization of the
microtubule organizing center (MTOC) in ECs (142). Fur-
thermore, EC migration speed increases when ECs are ex-
posed to shear, an effect mediated by RhoA (126).
Intermediate responses to shear include transcriptional
activation of NF-kB target genes, such as ICAM-1 (104). In
areas of laminar flow, shear signaling cascades culminate
with downregulation of NF-kB, followed by atheroprotective
transcription resulting from ERK5-dependent KLF2 expres-
sion (58, 111). At this time, ECs also align parallel to the
direction of flow (140, 141). In areas of disturbed flow,
however, NF-kB and other inflammatory signaling are sus-
tained. Long-term EC inflammation leads to continuation of
ICAM-1 and VCAM-1 expression, causing recruitment of
monocytes to inflamed endothelium, beginning atherogenesis
(17). In addition, increased fibronectin deposition occurs in
areas of inflamed endothelium, enhancing and sustaining
inflammation and atherogenesis in those areas (44, 53, 104).
Extensive endothelial protein S-nitrosylation also occurs in
response to shear stress (68). These proteins include heat
shock proteins, as well as cytoskeletal elements such as
tropomyosin and vimentin (71). The diverse suite of shear-
induced endothelial signaling and phenotypes implies that
ECs possess exquisite mechanosensitivity, which is indeed
the case. ECs express many putative mechanosensors, the
major groups of which are discussed below (Fig. 3).
Apical Mechanosensors
Primary cilia
Primary cilia are 3–5lm long cellular protrusions provided
structure by microtubular bundles. Embryonic evidence
suggests a requirement for cilia in developing vasculature,
where flow regimens are low. Developing zebrafish present
with cranial hemorrhage after disruption of intraflagellar
transport protein Ift81, while Pkd2 EC-specific knockout
causes hemorrhage in the cranium and back of developing
mice (48, 60, 78, 111, 124).
EC primary cilia are primarily found in areas of the vas-
culature that experience low or disturbed flow. Their presence
has been demonstrated in chicken embryonic endocardial and
venous ECs (143). Cilia exist in embryonic mouse aorta and
the inner curvature of adult mouse aorta, both low flow areas
of the vasculature (101, 144). In addition, zebrafish arteries
and veins exhibit cilia (52). The presence of cilia is known in
primary chicken ECs (67), human umbilical vein ECs (HU-
VECs) (75), and embryonic mouse aortic ECs (101). Laminar
shear causes rapid disassembly of cilia in ECs, and as such the
contribution of cilia to long-term shear stress signaling re-
mains unclear (75).
A body of research investigating cilia-dependent shear
responses shows a role for cilia in early calcium signaling and
nitric oxide (NO) production. To mediate shear-induced
calcium and NO signaling, primary cilia partner with poly-
cystin 1 and 2 (PKD1 and PKD2, expressed from the Pkd1
and Pkd2 genes). PKD1, a G-protein-coupled receptor
(GPCR), constitutively activates Gi/o proteins. Physical
association with PKD2, a Ca2+ channel, represses this con-
stitutive activation (34). Using microfluorimetry, early shear-
dependent calcium influx and NO production were examined
in vitro using aortic ECs from Pkd1null/null mice. Twenty
seconds after the application of shear, high levels of calcium
influx and NO production were observed in wild-type cells
(101). However, early calcium influx and NO production
were blocked in Pkd1null/null ECs. In addition, Pkd2 is re-
quired for shear-induced calcium influx and NO production.
These early events are blocked by Pkd2 knockdown in ECs
(1). Interestingly, ECs isolated from an autosomal dominant
polycystic kidney disease patient show heterogeneous ex-
pression of PKD2. PKD2-null ECs from these patients dis-
play aberrant localization of eNOS after the application of
shear stress (1).
Recent in vivo studies of primary cilia complement pre-
vious in vitro studies of cilia. In zebrafish embryos, a mor-
pholino against Pkd2 blocks calcium influx in the arterial
endothelium (52). Tnnt2 and gata1 morpholinos are also
used, blocking heartbeat and reducing hematocrit, respec-
tively. Tnnt2 morphants display no ciliary deflection, while
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cilia in gata1 morphants only deflect moderately. Im-
portantly, endothelial calcium influx correlates with degree
of ciliary deflection, as tnnt2 morphants show a severe re-
duction in EC calcium influx and gata1 morphants display
only a moderate reduction (52, 101).
Despite the published work on the involvement of cilia in
Ca2+ and NO signaling, the status of primary cilia as shear
sensors remains unclear. Cilia reside in low flow areas of the
vasculature (84, 87, 140, 144) and are mostly absent in areas
of high flow. This suggests the intriguing possibility that cilia
formation itself is a process that depends on blood flow, since
cilia form as a response to low or disturbed flow. Although
this does not exclude the possibility of cilia functioning as
mechanosensors, their role as amplifiers of shear signals (32,
67, 81) is certainly compatible with their presence in areas of
low flow. Cilia may act as low flow sensors in the endothe-
lium, but disentangling ciliary functions in development and
overall EC shear signaling remains a challenge.
Glycocalyx
The endothelial glycocalyx consists of a mixture of gly-
coproteins, hyaluronin, and proteoglycans such as syndecan-
1 and -4. The glycocalyx has a net negative charge due to the
presence of glycoprotein-bound sialic acid moieties and
proteoglycan-bound glycosaminoglycans (GAGs). As a re-
sult, an extended endothelial surface layer (ESL) is formed as
a result of glycocalyx interaction with components of blood.
The ESL comprises plasma proteins, growth factors, and
cytokines (17, 111, 151).
Early work on the endothelial glycocalyx revealed a hy-
drodynamically relevant surface layer capable of regulating
capillary hematocrit (35, 90, 116). Using in vivo solute ex-
clusion assays, the height of the glycocalyx was determined
to be approximately 500 nm. High molecular weight dextran
was excluded from this 500 nm thick later, and the thickness
of the layer was reduced by degrading the glycocalyx with an
infusion of hyaluronidase (65, 145, 161). In addition, vas-
cular TNFa infusion reduces glycocalyx height, suggesting
that endothelial inflammation negatively regulates glycoca-
lyx density (42, 66, 99). Degradation of hyaluronin or inhi-
bition of its synthesis decreases glycocalyx thickness in
collateral vessels, reducing collateral remodeling after hin-
dlimb ischemia. Shear-dependent EC proliferation and in-
flammatory gene expression are also reduced (54, 72, 115).
The glycocalyx is thought to dampen the force of shear
stress that reaches the EC surface (151). Thus, cells with an
intact glycocalyx do not experience appreciable shear forces
at their plasma membranes. Instead, syndecans link to the
cytoskeleton through their cytoplasmic termini, providing
a possible mechanism for force transfer from shear stress to
the cytoskeleton (136, 143, 152). Indeed, ablation of synde-
can function through enzymatic or genetic means leads to
blockade of shear stress responses in ECs. Degradation of
heparin sulfate GAGs, the major GAGs associated with
syndecans, leads to misregulated actin dynamics in ECs. As a
result, ECs do not break down their dense peripheral actin
band and fail to form new stress fibers after application of
shear (101, 135, 144, 151). Syndecan-1 knockout causes
misregulation of RhoA and Akt, as well as upregulation
of EC inflammatory gene expression after the application
of shear stress (52, 146). Correlating with the syndecan-1
studies, syndecan-4 knockout ECs do not align in the di-
rection of flow and display an increased inflammatory
phenotype. This leads to a higher atherosclerotic bur-
den in vivo. Importantly, in Syndecan-4 KD ECs, VEGFR2
phosphorylation is not altered immediately after application
of shear. This indicates that syndecan-4-dependent signaling
FIG. 3. Endothelial cells express many mechanosensors. These sensors can be divided into luminal, junctional, and
basal mechanosensors. Luminal mechanosensors include G-protein-coupled receptors (GPCRs, including the sphingosine
1-phosphate receptor 1, S1P1, and the bradykinin B2 receptor) and heterotrimeric G-proteins (namely, Gaq/11), ion channels
(including TRPV4, TRPP2, TRPC1, Piezo1, and Piezo2), microtubule-based primary cilia (which associated with the ion
channels PKD1 and PKD1), the glycocalyx (where Syndecan-1 and -4, as well as heparin sulfate glycosaminoglycans are
involved in shear signaling), and protein-coated membrane pits called caveolae (given structure by Caveolin 1–3 and Cavin
1–3). The known junctional mechanosensors, PECAM-1, VE-Cadherin, and VEGFR2, form a mechanosensory complex
that elicits many signaling pathways as a response to shear. The basal mechanosensors consist of the integrins, which sense
ECM type and substrate stiffness, all while integrating signaling pathways originating from other mechanosensors. ECM,
extracellular matrix; GPCR, G-protein-coupled receptors; PECAM-1, platelet endothelial cell adhesion molecule-1. To see
this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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may act independently, or downstream, of junctional shear
stress signaling (5, 67).
Enzymatic and genetic studies indicate the importance of
glycocalyx components in shear-related signaling. However,
syndecans act as coreceptors for integrins during adhesion,
complicating the determination of specific function in shear
stress signaling (64, 75, 95, 128, 136). Many EC responses that
are misregulated in response to syndecan ablation, including
RhoA activation and ICAM-1 and VCAM-1 expression, are
downstream of integrin activation after the application of shear
(87, 101, 140). Thus, syndecan function in shear signalingmay
be required for integrin function and not direct shear sensing.
Further studies are required to completely disentangle specific
glycocalyx signaling from integrin-associated signaling in
ECs. The glycocalyx as an EC mechanosensor remains at-
tractive, but clarity about its function remains elusive.
Heterotrimeric G-proteins
and G-protein-coupled receptors
Heterotrimeric G-proteins participate in shear stress sig-
naling and may also form mechanosensitive complexes with
known mechanosensors. Work done using vesicles loaded with
G-proteins and 32P suggests that increasing membrane fluidity
or applying shear stress leads to GTPase activation (56, 75). The
heterotrimeric G-protein Gaq/11 associates with platelet endo-
thelial cell adhesion molecule-1 (PECAM-1) in unstimulated
ECs, rapidly dissociating upon application of shear. In vivo,
Gaq/11 colocalizes with PECAM-1 in areas of laminar, but not
disturbed, flow (34, 107). Interestingly, the association of Gaq/
11 with PECAM-1 is mediated by heparan sulfate, suggesting a
link between three candidate mechanosensors: PECAM-1, Gaq/
11, and the glycocalyx (99, 112). Gaq/11 is also required for
activation of Ras by flow, implicating G-proteins in shear-
induced MAPK signaling (55, 101). In addition, siRNA knock-
down of Gaq/11 increases the time required for calcium influx
after the onset of retrograde shear stress (1, 96).
GPCRs are also implicated as mechanosensitive molecules.
The bradykinin B2 receptor undergoes a ligand-independent
conformational change in response to shear stress or mem-
brane fluidizing agents (1, 16). Furthermore, sphingosine-1
phosphate receptor 1 (S1P1) is required for signal transduction
of many well-characterized shear-responsive pathways, such
as ERK, AKT, and eNOS activation. In this study, small-
molecule induction of S1P1 proteasomal degradation blocked
phosphorylation of ERK and EC alignment after application of
shear stress. Interestingly, blockage of ERK activation and EC
alignment was rescued using endocytosis- and ligand binding-
deficient mutants of S1P1, indicating that the involvement of
S1P1 in shear signaling is ligand independent (77). Endothelial
S1P1 is also required for angiogenesis in the mouse retina (52,
77). These studies suggest that GPCRs and G-proteins are
heavily involved in shear-responsive mechanotransduction
and may be mechanosensors in their own right.
Ion channels
Hyperpolarization of ECs was one of the first identified EC
responses to shear and is among the earliest EC responses to
shear (100, 102). K+ ion channel activity is regulated by shear
stress-induced deformation of ECs, rather than high flow rate
over ECs (3). After initial hyperpolarization of ECs in re-
sponse to shear, Ca2+ channels open and depolarize the EC
(8). Shear-induced Ca2+ influx increases with increasing
magnitude of shear stress (155). Interestingly, the activity of
one channel, transient receptor potential channel 5 (TRPC5),
is enhanced by S-Nitrosylation (158). Although it is not
known how shear stress might regulate S-Nitrosylation of
TRPC5, the the S-Nitrosylation is dependent on eNOS, a
shear-responsive protein (158).
Several ion channels are putative shear stress sensors in
ECs. The endothelial Kir2.1 K+ channel has been shown to be
mechanosensitive, and when expressed in Xenopus laevis
oocytes, the oocytes become sensitive to shear (69). In ad-
dition, transient receptor potential vanilloid 4 (TRPV4) has
been proposed as a mechanosensor. TRPV4 is sensitive to
multiple stimuli, including heat, phorbol esters, arachidonic
acid, hypotonic shock, and shear stress (47, 148–150). In-
terestingly, TRPV4 also has demonstrated importance in the
vasculature, where it regulates vasodilation in carotid ar-
teries, rat mesenteric arteries, and arterioles (40, 63, 80, 97)
Regulation of vasodilation by TRPV4 may be achieved
through TRPV4-dependent NO production from ECs (13).
TRPV4 also forms a heterotrimeric flow-sensitive complex
with TRPP2 and TRPC1 (38). TRPV4, however, is activated
by arachidonic acid, which is synthesized by phospholipase
A2 (PLA2) in response to shear stress (113). If PLA2 activity
is inhibited, intercellular calcium and vasodilation responses
are blocked (80, 91). Thus, TRPV4 activation is downstream
of enzymatic activity and may not be sensitive to the force of
flow. However, arachidonic acid synthesis takes place on a
slower time scale (113) than TRPV4-dependent calcium flux
(38), suggesting that there may be a yet undiscovered
mechanism behind activation of TRPV4 by shear stress.
Recent work has identified the mechanically activated
cation channels Piezo1 and Piezo2 in neurons (30). Piezo1
and Piezo2 are implicated in touch sensation in mice and
red blood cell volume (14, 118) Transfection into non-
mechanically activated HEK293T cells confers sensitivity to
mechanical stimulation as well as shear stress (30, 31, 83).
HEK293T cells transfected with Piezo1 exhibit increasing
calcium influx with increasing shear stress. Piezo1 does not
share structural features with proteins and may represent an
entirely new class of mechanically activated ion channel (31).
Piezo1 knockout mice are embryonic lethal as a result of
major vascular defects manifesting as early as E8.5 (117).
The vascular tree fails to prune correctly in both whole-body
and EC-specific Piezo1 knockouts, and ECs in haploinsuffi-
cient arteries do not align in the direction of flow (83).
Treatment of ECs with Piezo1 siRNA also largely blocks
flow-induced EC alignment (117). Although little is known
about these channels at the moment, they hold tremendous
potential for the study of EC shear stress signaling.
Caveolae
Caveolae are flask-shaped invaginations present in the
plasma membrane of various cell types. Caveolae are mostly
found in cell types that receive mechanical stress, such as
fibroblasts, adipocytes, and ECs. Caveolae are given their
structure by proteins of the caveolin and cavin family
(CAV1-3 and cavin1-3, respectively) (41). Importantly, ca-
veolae rapidly disassemble after hypotonic shock, suggesting
a role in buffering the cell membrane against mechanical
stress (127). Caveolae are also important in murine
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development, as Cav1 knockout mice display cardiac hy-
pertrophy and thickened coronary vessel walls, along with
bronchiolar hyperplasia (98).
Evidence for caveolae in endothelial mechanosensing was
first described in rat lungs, where increased perfusion of the
rat pulmonary vasculature led to enhanced protein tyrosine
phosphorylation, especially in caveolar compartments (120).
In addition, eNOS was enriched in rat lung EC caveolae,
which served as the main location of eNOS activation after
shear (119). The cholesterol binding antibiotic filipin and
cholesterol sequestering compound methyl-b-cyclodextrin
reduced shear-induced ERK activation in bovine aortic en-
dothelial cells, suggesting that cholesterol-rich regions of the
plasma membrane are required for shear signaling. However,
a limitation of these pharmacological treatments is that both
caveolae and lipid raft function are disrupted, complicating
interpretation of results (110). Transmission electron mi-
croscopy images revealed a luminal surface increase in ca-
veolae density in ECs subjected to shear stress (11). In
addition, shear stress induced Cav1 translocation to the up-
stream edge of ECs, where hydrostatic pressure is highest on
ECs (130). This correlates with the hypothesis that caveolae
buffer cell membranes against high mechanical stress (127).
Genetic evidence for caveolae as mechanosensors has re-
vealed a role for caveolae in transduction of shear stress
signals, but not directly in mechanosensing. In one study,
Cav1 knockout mice were subjected to partial carotid artery
ligation. While WT mice showed a decrease in lumen di-
ameter, the Cav1 knockout mice displayed no such change.
However, the arterial walls of the Cav1 knockout carotids did
thicken significantly, a result of significant increases in en-
dothelial, medial, and adventitial proliferation (160). Fur-
thermore, Cav1 knockout carotid arteries were deficient in
vasodilation as a result of impaired eNOS activation (160). In
a model of atherosclerosis, Cav1 whole body knockout mice
were crossed to ApoE knockout mice, leading to a reduction
in aortic plaque burden. The reduction in plaque burden
caused by Cav1 knockout was accompanied by reductions in
ICAM-1 and VCAM-1 expression (45). Interestingly, recon-
stitution of only endothelial Cav1 increased the aortic plaque
burden and ICAM-1 and VCAM-1 expression back to control
levels, suggesting that caveolin proteins mediate endothelial
inflammation leading to atherosclerosis. Caveolae have also
been linked to the actin cytoskeleton. Knockdown of Cav1
increases basal RhoA activity, blocking stress fiber formation
in ECs (156). In addition, Cav1 is required for luminal b1
integrin activation after the onset of shear stress. This activa-
tion of luminal integrins does not require the actin cytoskele-
ton. When blocked, luminal b1 integrin activation reduces
shear-induced Src family kinase, Akt, and eNOS signaling in
ECs (157). Whether caveolae are mechanosensors is unclear
and will take more integrative research to fully determine.
Given that the caveolae number increases as a response to
shear stress, it is likely that they do not act as sensors, but are
rather shear regulated; however, more research could uncover
a role for these structures in endothelial force sensing.
Tie receptors
Members of the Tie family of receptor tyrosine kinases
have also been implicated in shear stress sensing (20, 114).
Tie1, a tyrosine kinase with immunoglobulin-like and EGF-
like domains 1, is expressed in ECs and its expression maps
distinctively to regions exposed to disturbed shear stress
(154). In vitro, its expression is downregulated by laminar
shear stress, while disturbed flow increases Tie1 promoter
activity. Deletion of Tie1 increased activation of eNOS and
resulted in decreased inflammatory signals in response to
laminar flow in vitro. The same group demonstrated a dose-
dependent reduction in atherosclerosis in Tie1-attenuated
ApoE-/- mice, giving credence to the idea that Tie1 is a
critical regulator of the endothelial response to disturbed
shear stress. Although it is mechanoresponsive insofar as it
alters its expression and modulates downstream signaling, it
is unclear if it is a direct sensor of shear stress.
Junctional Mechanosensors
Platelet endothelial cell adhesion molecule-1
PECAM-1 is an adhesion molecule of the immunoglobulin
superfamily. The extracellular domain of PECAM-1, which
mediates hemophilic binding to neighboring ECs, consists of
six Ig-like subunits (Fig. 4). The intracellular and extracellular
domains of PECAM-1 are linked by a short transmembrane
domain. The major features of the intracellular domain are two
immunoreceptor tyrosine-based inhibitory motif domains.
These domains contain two tyrosines, 663 and 686, which are
phosphorylated rapidly after the onset of shear stress. Along
with Ca2+ influx and K+ channel activation, PECAM-1 phos-
phorylation is one of the earliest known responses to shear
stress. Importantly, it is thought that PECAM-1 phosphoryla-
tion is independent of calcium influx, as Ca2+ agonists do not
increase PECAM-1 phosphorylation on their own.
In vitro studies of the role of PECAM-1 in shear stress
signaling are numerous. Early evidence implicating PE-
CAM-1 in EC force sensing showed that PECAM-1 phos-
phorylation, Shp2 and Gab1 recruitment, and ERK
phosphorylation all increase in response to hypo-osmotic
shock and fluid shear stress (106). In addition, Shp2 phos-
phatase activity is required for PECAM-1-dependent ERK
activation. Using an extracted EC model, Chiu et al. identi-
fied Fyn as the kinase that mediates stretch- and shear stress-
induced PECAM-1 phosphorylation (22). Later evidence
demonstrated that PECAM-1 acts in concert with VE-Cad-
herin and VEGFR2 to mediate a large number of shear stress
responses. These responses include EC alignment, NF-kB
activation, and Akt phosphorylation following application of
shear stress (46, 141). Importantly, PECAM-1 is required for
both anti-inflammatory and inflammatory signaling in ECs
(141). PECAM-1 is required for establishment of polarity in
ECs after onset of shear stress via spatiotemporal activation
of Rac GTPase (86). In this model, PECAM-1 is required for
Rac activation downstream of Src and Vav2 phosphorylation,
while VE-Cadherin acts as a scaffold for localized Rac ac-
tivation on the downstream edge of ECs. PECAM-1 knockout
also leads to misregulation of eNOS localization and resul-
tant increased NO production in unstimulated ECs (94). In
addition, in PECAM-1 knockout ECs, eNOS activation is
decreased in response to shear stress (46).
Force application directly on PECAM-1 using ferromag-
netic beads has allowed the study of specific PECAM-1-de-
pendent signaling pathways (Fig. 5). Using magnetic beads
coated with PECAM-1 antibody, early studies demonstrated
that direct force on PECAM-1 elicits both PECAM-1 and
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ERK phosphorylation (106). PECAM-1 engagement is re-
quired for these responses, highlighting the importance of
confluency in studies of EC shear stress signaling. Further
studies of direct force application on PECAM-1 have shown
that localized force on PECAM-1 can activate global cellular
stiffening pathways in ECs. Application of force on PECAM-
1 using magnetic beads manipulates only a small area of the
EC; however, after 5min of force, global focal adhesion
growth and RhoA activation are observed (25). The observed
focal adhesion growth and RhoA signaling culminate in
cellular stiffening in response to force application. Interest-
ingly, cellular stiffening, related cytoskeletal dynamics, and
focal adhesion growth are all ECM-specific events. Plating
ECs on collagen blocks force-induced focal adhesion growth
and cytoskeletal dynamics that are normally observed in ECs
growing on fibronectin (26). This suggests that PECAM-1
and integrins act cooperatively to mediate downstream sig-
naling to force-based events. Since pharmacological inhibi-
tion of PI3-Kinase blocks force-induced focal adhesion
formation and integrin activation (25), PECAM-1 may
communicate with integrins via biochemical means, rather
than direct force transfer through the cytoskeleton.
PECAM-1 null mice are healthy and fertile (39), which is
surprising given the role of shear stress signaling in the de-
velopment of the vascular plexus. However, starting at 4
weeks of age, PECAM-1 knockout mice display cardiac de-
fects, including increased left ventricle diameter, reduced
fractional shortening, and reduced ejection fraction (93).
Flow-dependent dilation is blocked in ex vivo arteries from
PECAM KO mice due to failure to activate eNOS (7). In
addition, PECAM-1 KO mice subjected to partial carotid
artery ligation display defects in flow-mediated vascular re-
modeling and intima-media thickening, due to defects in the
NF-kB pathway (19). PECAM-1 KOmice also show reduced
collateral remodeling after femoral artery ligation, once
again due to reduced NF-kB-dependent transcriptional ac-
tivity (18). Results from studies of atherosclerosis using
PECAM-1 knockout mice have been difficult to interpret,
possibly owing to differences in atherogenic genetic back-
ground and feeding time. However, across several studies,
PECAM-1 knockout mice show reduced atherosclerotic
plaque formation in the lesser curvature of the aortic arch (51,
61, 62, 129). This area is constantly exposed to disturbed
flow, suggesting that PECAM-1 knockout dampens EC in-
flammatory signaling arising from disturbed flow.
VE-Cadherin
We have previously shown that PECAM-1, VE-Cadherin,
and VEGFR2 are sufficient and required for shear stress
signaling in ECs (141). When VE-Cadherin-expressing cells
are mixed with VE-Cadherin knockout cells and exposed to
flow, the VE-Cadherin-expressing cells align in the direction
of flow, whereas VE-Cadherin knockout cells do not (141).
Thus, even in the absence of homophilic VE-Cadherin ad-
hesion, ECs align correctly. This suggests that VE-Cadherin
acts as an adaptor in shear stress signaling. VE-Cadherin
knockout additionally blocks integrin activation after appli-
cation of shear stress, but not Src activation (141). Src acti-
vation is one of the earliest events in shear stress signaling,
taking place just after PECAM-1 phoshphorylation. This
suggests that VE-Cadherin acts downstream of PECAM-1 in
shear stress signaling, which allows transactivation of
VEGFR2 and induction of downstream signaling pathways
(87, 141). The VE-Cadherin transmembrane domain is also
required for recruitment of VEGFR2 to the mechanosensory
complex, further implicating VE-Cadherin as an adaptor in
this system (Fig. 5) (29).
Recent evidence suggests that VE-Cadherin may also be a
mechanosensitive molecule. Previous studies suggest that
force application on VE-Cadherin using antibody-coated
magnetic beads does not activate known force-sensitive
signaling; however, recent evidence shows that this phe-
nomenon may be epitope specific (9, 141). Application of
force to VE-Cadherin using the VE-Cadherin FC antibody
elicited responses similar to those elicited by force on PE-
CAM-1; namely, cell stiffness and actin reorganization (9). In
addition, FRET studies using PECAM-1 and VE-Cadherin
tension sensors suggest that VE-Cadherin carries a high-
tension load in unstimulated ECs. This load is reduced once
shear stress is applied. Interestingly, tension on PECAM-1 is
very low before application of shear stress. After the onset of
shear, tension increases on PECAM-1 as a result of associ-
ation with vimentin (28). The main role of VE-Cadherin in
FIG. 4. Domain structure of the junctional mechan-
osensors. The extracellular domain of PECAM-1 comprises six
Ig-like repeats, which participate in homophilic binding with
other PECAM-1 molecules on neighboring ECs. These Ig-like
repeats are linked by a TM domain to the intracellular domain.
The intracellular domain contains two ITIM domains, which
contain critical tyrosines that are rapidly phosphorylated at the
onset of shear. VE-Cadherin, a classical cadherin, has an ex-
tracellular domain that comprised five cadherin domains, which
mediate adhesion, and features p120 and b-catenin binding sites
on its intracellular domain. These intracellular domains interact
with p120 and b-catenin, mediating VE-Cadherin binding to the
cytoskeleton. VEGFR2, a receptor tyrosine kinase has seven Ig-
like repeats in its extracellular domain. The intracellular domain
contains two TK domains that interact with downstream ef-
fectors. Critically, tyrosines 801 and 1175 bind PI3K upon
stimulation of the receptor. Mutation of these tyrosines blunts
the cellular response to shear. Ig, immunoglobulin; ITIM, im-
munoreceptor tyrosine-based inhibitory motif; TK, tyrosine
kinase; TM, transmembrane. To see this illustration in color, the
reader is referred to the web version of this article at www
.liebertpub.com/ars
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shear stress signaling is likely as an adaptor. However, the
recent studies mentioned above imply that VE-Cadherin may
have other roles in EC shear stress signaling. More research is
needed to determine whether the force-sensing properties of
VE-Cadherin are relevant in physiological signaling.
VEGF receptors
VEGF receptors 2 and 3 (VEGFR2 and VEGFR3) are also
involved in shear stress sensing. VEGFR2, the better char-
acterized of the two, is rapidly phosphorylated at the onset of
shear (87, 125, 141). Shear stress-induced Akt activation is
blocked when tyrosines 801 and 1175 of VEGFR2 are mu-
tated, implying that VEGFR2 is required for shear-induced
PI3 kinase activation and resultant downstream signals (Fig.
5). Thus, while there is no evidence to suggest VEGFR2 is
directly mechanosensitive, its activity is required for intact
shear stress signaling.
Recently, VEGFR3 was shown to be as a constituent of the
mechanosensory complex containing PECAM-1, VE-Cad-
herin, and VEGFR2. This evidence also implicates VEGFR3
in sensing different magnitudes of shear, adding to our un-
derstanding of how different shear patterns are sensed. At the
onset of shear, VEGFR2 and VEGFR3 are recruited to the
mechanosensory complex by the transmembrane domain of
VE-Cadherin, followed by phosphorylation of both VEGFR2
and VEGFR3 (29). Evidence also suggests that VEGFR2 and
VEGFR3 signal redundantly in response to shear stress.
Knockdown of both proteins, but not VEGFR2 or VEGFR3
individually, blocks shear-induced Akt activation (29). In-
terestingly, VEGFR3 has been implicated in determining
the sensitivity of different types of ECs to shear stress (6).
Human dermal lymphatic endothelial cells (HDLECs) and
HUVECs, when exposed to a range of shear stress levels,
show peak alignment at different shear magnitudes. HDLECs
align most efficiently around 5 dyn/cm2, while HUVECs
align most efficiently around 10 dyn/cm2. In addition,
HDLECs express higher levels of VEGFR3 than HUVECs
do. HDLECs phenocopy HUVECs upon knockdown of
VEGFR3, aligning at higher levels of shear than normal
HDLECs. Taken together, these results suggest that shear
stress sensing may be more variable across the phenotypic
spectrum of ECs than previously thought. Endothelial me-
chanosensing may not simply be a matter of efficient force
transmission and biochemical information transfer by one or
more specialized EC proteins, the mechanisms of which are
uniform across ECs. Mechanisms of mechanosensing may
vary with endothelial niche bestowed upon them by differ-
ential expression of mechanosensory constituents.
Basal sensors: Integrins
Integrins act as connections between the ECM and the
actin cytoskeleton, making them attractive candidate me-
chanosensors in ECs. However, evidence that integrins are
direct shear stress sensors in ECs is limited. After application
of shear stress or force on PECAM-1, integrins are activated
globally in ECs (25, 140, 141). This global activation requires
PI3 kinase, suggesting that shear-induced activation of in-
tegrins is mediated by a biochemical stimulus, such as PIP3,
rather than force transfer through the cytoskeleton (25, 141).
In addition, the amount of force that integrins feel from shear
stress is 1000–5000 times lower than traction forces on in-
tegrins (79). This further suggests that integrins are not ac-
tivated by the direct force of shear stress. However, it has
been hypothesized that mechanosensitive cells have evolved
specialized mechanosensors capable of sensing extremely
small forces unique to their niche (103). Thus, it is possible
that the integrins act as specialized endothelial mechan-
osensors. Integrins are mechanosensitive proteins and, as
FIG. 5. The junctional mechanosensory complex regulates cytoskeletal stiffening and inflammatory signaling in
response to force. Force on PECAM-1 activates PI3K, which is required for downstream activation of integrins. ECM-
dependent integrin activation occurs, with FN bound integrins positively regulating cellular stiffness through GEF-H1/
LARG-RhoA signaling. CL bound integrins have the opposite affect; cellular stiffness is negatively regulated downstream
of CL-bound integrins through a PKA-phospho-RhoA pathway. In addition, Rac1 is activated downstream of force on
PECAM-1, which leads to increased inflamatory ROS production. In addition, shear stress activates FN-bound integrins,
leading to NF-jB activation, ICAM-1 and VCAM-1 expression, and an increase in moncyte adhesion to ‘‘activated’’ ECs.
CL, collagen; FN, fibronectin; PI3K, phosphoinositide 3-kinase; PKA, protein kinase A. To see this illustration in color, the
reader is referred to the web version of this article at www.liebertpub.com/ars
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such, could be responding to minute shear stress forces or
changes in cytoskeletal tension (23, 57, 92, 147) (For further
information about the interaction between hemodynamics,
integrins, and the ECM, please see Yurdagul and Orr later in
this Forum).
Integrins serve as the integration site for shear-dependent
signaling cascades (87, 139, 140). After the application of
shear on ECs, integrins are activated and form new connec-
tions with the underlying ECM. These new connections with
the ECM are required for downstream activation of
RhoGTPases, and NF-jB (139, 140, 142). Integrins also in-
fluence the endothelial phenotype through integration of
upstream signals with signals from the ECM. The adaptor
protein Shc, which binds with the mechanosensory complex
at the onset of shear, binds integrins around 30min after the
onset of shear (76, 87). As a result of interaction with two
separate mechanosensors, Shc integrates signals of junctional
and subendothelial origin in both shear and nonshear contexts
(87, 132, 133). In addition, focal adhesion growth resulting
from force on PECAM-1 requires fibronectin; no growth is
observed when cells are plated on collagen (26). Collagen
binding also regulates cytoskeletal dynamics in ECs. When
force was applied directly to PECAM-1 in ECs grown on
collagen, protein kinase A (PKA) was activated, leading to
repression of RhoA activity and reduction of cell stiffness,
while the opposite was true of ECs grown on fibronectin (26).
Passive rheology experiments performed on isolated mouse
aortas confirmed these observations. EC stiffness was high in
the aortic arch, where fibronectin density is high, while EC
stiffness was lower in the descending aorta, where collagen
makes up most of the ECM. Interestingly, in vivo inhibition
of PKA reversed this effect, causing higher EC stiffness in the
descending aorta as a result of removal of RhoA repression
(26). In addition, ECs plated on collagen align less effectively
than cells plated on fibronectin (59). Other shear-induced
signaling pathways are also matrix specific. Shear-induced
phosphorylation of p21-activated kinase (PAK) requires fi-
bronectin connections, while shear-induced phosphorylation
of p38 MAP kinase occurs only on collagen (104, 105).
Furthermore, disturbed flow regimens induce fibronectin
expression and deposition, which sustain endothelial in-
flammation through NF-kB-dependent gene expression (44).
Although integrins likely do not directly sense shear stress,
their function as integrators of shear stress signaling path-
ways demonstrates that they are an integral part of the EC
shear sensing milieu.
Conclusions
What is a mechanosensor? Do they work alone?
A mechanosensor is the primary cellular structure or pro-
tein that senses a physical force, setting off downstream
biochemical signaling pathways. ECs may have one, but their
number is likely many. PECAM-1, the best studied of the
putative EC mechanosensors, is capable of initiating global
biochemical/signaling cascades in the cell when force is ap-
plied on it. A mechanotransducer is a cell structure or protein
that is required for conductance of signals generated by force,
but not for sensing the originating force itself. In ECs under
shear stress, integrins likely fall into this category as their
activation seems to originate from biochemical and not force-
based signals in ECs. The status of the other putative me-
chanosensors mentioned in this article remains unclear,
however. Further experiments must be done to eliminate the
caveats inherent in the knowledge of each mechanosensor.
Only then can we definitely assign force-sensing properties to
putative EC mechanosensors and begin untangling the sig-
naling relationships they share.
An unanswered question is the extent to which the putative
mechanosensors work together to sense flow and maintain
EC mechanosensitivity. There may be only one ultimate
mechanosensor in ECs, but this seems unlikely given the
known cooperation between sensors. Perhaps the best ex-
ample of this is the cooperation between PECAM-1 and
FIG. 6. Integration of approaches is necessary for determining the precise function of various mechanosensors.
Methods available for the study of mechanosensing range from reductionist biophysical experiments to in vivo hemody-
namic modification. Magnetic beads are used to apply force directly to putative mechanosensors and can be useful for
directly determing mechanosensitivity of a protein. In vitro shear stress experiments are useful for determining mechan-
oresponsiveness of proteins in the context of an endothelial monolayer, while in vivo experiments determine whether
information gained using the aforementioned reductionist approaches is physiologically relevant. To see this illustration in
color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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integrins, but evidence is starting to accumulate that other
mechanosensors cooperate as well. For example, it has been
shown that ligand-independent S1P1 activity is required for
maintenance of the glycocalyx, a possible example of me-
chanosensor cooperation as well as a possible mechanism for
specific localization of the glycocalyx in areas of laminar
flow (162). In addition, the heterotrimeric G-protein Gaq/11
complexes with PECAM-1, suggesting that more than one
mechanosensor may be working together to sense flow (112).
Interestingly, the Gaq/11–PECAM-1 interaction is mediated
by heparin sulfate, a component of the glycocalyx, further
suggesting mechanosensor cooperation. Finally, one of the
roles of primary cilia is thought to be amplification of signals
through the cytoskeleton. This could be an instance where
cilia act alongside other major mechanosensors to help sense
the smaller forces from low flow and influence EC pheno-
type. Related questions center around the relationship be-
tween shear stress and cyclic stretch. Although some in vitro
studies (163) suggest that stretch and shear signaling are in-
terrelated processes, little is known about any overlap in these
two signaling cascades. To understand the full scope of vascular
mechanosignaling, knowledge of the mechanisms of cyclic
stretch signaling and shear signaling must be incorporated.
Developmental questions and endothelial
heterogeneity
Mice with deleted PECAM-1, Syndecan-1, and Syndecan-
4 are healthy and fertile, although PECAM-1 knockouts
suffer from dilated cardiomyopathy and systolic dysfunction
(93). In knockout mice for other mechanosensory genes, such
as Pkd1 or Pkd2, defects in development have not been dis-
entangled from any possible defects in shear stress signaling
(2, 5, 48). A major issue for the shear stress field moving
forward is understanding the importance of shear sensing in
utero and the signaling pathways involved. Similarly, another
challenge for the field is understanding the phenotypes of ECs
from different vascular beds and how those phenotypes in-
fluence shear signaling. Already we have evidence that a
shear sensing set point may be regulated by VEGFR3 ex-
pression in lymphatic ECs (6). This suggests the tantalizing
possibility that specialized vascular beds, such as lymphatic,
brain, or renal ECs, may be specialized in their function and
methods of shear sensing. Perhaps, for different vascular
beds, one mechanosensor does not fit all.
Clinical perspectives
Shear stress and therefore endothelial mechanosignaling
are central to many vascular pathologies. Atherogenesis, for
example, preferentially occurs in areas of the vasculature that
are inflamed due to experiencing disturbed flow (17). Fur-
thermore, shear stress may influence the rupture of unstable
plaques. The fibrous cap of a plaque is exposed to the highest
strain, and shear stress, at its upstream edge (49). Previous
work has shown that macrophage invasion is higher in the
upstream edge of plaques (24, 36) and that resident macro-
phages in the upstream edge increase expression of proteo-
lytic enzymes (24), thereby weakening the plaque. In
addition, the fibrous cap on the upstream edge of plaques
tends to be more ulcerated and thinner and, when combined
with high shear stresses, may lead to destabilization and
rupture of the plaque (33, 49). Another common vascular
pathology, intimal stiffening, occurs with age. Intimal stiff-
ening is associated with increased RhoA activity and vascular
permeability, leading to increased leukocyte transmigration
(74). In addition, conditions that affect vasodilation, such as
aging and hypertension, modify the hemodynamic environ-
ment. In tests of femoral artery shear rates in old and young
men, old men showed lower shear rates (137), predisposing
the older men to endothelial inflammation. Flow patterns are
also altered in older men: anterograde flow is reduced, while
retrograde flow is increased. These changes combine to in-
crease the overall oscillatory nature of blood flow in the
femoral artery, once again predisposing older men to in-
creased endothelial inflammation (159). While exercise
transiently reduces age-related increases in oscillatory shear
index (108), much work remains before the full involvement
of endothelial mechanosignaling in a range of vascular pa-
thologies can be determined.
Future directions
How should new mechanosensors be discovered? How
should putative mechanosensors be validated? There are
many in vitro and in vivo models for determining function of
cellular structures or proteins in shear sensing (for more in
depth information on these models, please see Bowden et al.,
later in this issue). Moving forward, every effort should be
made to mix reductionist and integrative approaches as much
as possible (Fig. 6). For example, magnetic bead pulling
experiments are an excellent way to assign force-sensing
function to a protein. However, these experiments do little to
illuminate how that protein may behave in the context of a
monolayer or an adult animal. Likewise, simply studying
mouse knockouts or in vitro models of shear makes assign-
ment of direct force-sending function problematic. By mix-
ing reductionist and integrative approaches, we can better
understand known putative mechanosensors and more easily
find new candidate mechanosensors. When the mechan-
osensory infrastructure of ECs is more fully understood, a
more full knowledge of intracellular signaling pathways will
follow. By studying these pathways using a mixture of
in vitro and in vivo approaches, the aim is that one or more
signaling pathways that regulate inflammatory, but not
atheroprotective, signaling are identified. Discovery of such a
pathway could allow rational design of treatments that block
endothelial inflammation, and thus, development of athero-
sclerosis and other shear-induced vascular pathologies. This
could lead to novel therapeutics of enormous potential.
Acknowledgments
This work was funded by NIH HL117256 (to E.T.) and
NIH T32 HL069768 (to C.G.) and a Wellcome Trust Senior
Fellowship (to E.T.).
References
1. AbouAlaiwi WA, Takahashi M, Mell BR, Jones TJ, Rat-
nam S, Kolb RJ, and Nauli SM. Ciliary polycystin-2 is a
mechanosensitive calcium channel involved in nitric ox-
ide signaling cascades. Circ Res 104: 860–869, 2009.
2. Alexander CM, Reichsman F, Hinkes MT, Lincecum J,
Becker KA, Cumberledge S, and Bernfield M. Syndecan-1
is required for Wnt-1-induced mammary tumorigenesis in
mice. Nat Genet 25: 329–332, 2000.
382 GIVENS AND TZIMA
3. Ando J, Ohtsuka A, Korenaga R, Kawamura T, and Ka-
miya A. Wall shear stress rather than shear rate regulates
cytoplasmic Ca++ responses to flow in vascular endo-
thelial cells. Biochem Biophys Res Commun 190: 716–
723, 1993.
4. Ando J and Yamamoto K. Effects of shear stress and
stretch on endothelial function. Antioxid Redox Signal 15:
1389–1403, 2011.
5. Baeyens N, Mulligan-Kehoe MJ, Corti F, Simon DD,
Ross TD, Rhodes JM, Wang TZ, Mejean CO, Simons M,
Humphrey J, and Schwartz MA. Syndecan 4 is required
for endothelial alignment in flow and atheroprotective
signaling. Proc Natl Acad Sci USA 111: 17308–17313,
2014.
6. Baeyens N, Nicoli S, Coon BG, Ross TD, Van den Dries
K, Han J, Lauridsen HM, Mejean CO, Eichmann A,
Thomas J-L, Humphrey JD, and Schwartz MA. Vascular
remodeling is governed by a VEGFR3-dependent fluid
shear stress set point. Elife 4: 1–16, 2015.
7. Bagi Z, Frangos JA, Yeh J-C, White CR, Kaley G, and
Koller A. PECAM-1 mediates NO-dependent dilation of
arterioles to high temporal gradients of shear stress. Ar-
terioscler Thromb Vasc Biol 25: 1590–1595, 2005.
8. Barakat AI, Leaver EV, Pappone PA, and Davies PF. A
flow-activated chloride-selective membrane current in
vascular endothelial cells. Circ Res 85: 820–828, 1999.
9. Barry AK, Wang N, and Leckband DE. Local VE-cadherin
mechanotransduction triggers long-ranged remodeling of
endothelial monolayers. J Cell Sci 128: 1341–1351, 2015.
10. Birukov KG. Cyclic stretch, reactive oxygen species, and
vascular remodeling. Antioxid Redox Signal 11: 1651–
1667, 2009.
11. Boyd NL, Park H, Yi H, Boo YC, Sorescu GP, Sykes M,
and Jo H. Chronic shear induces caveolae formation and
alters ERK and Akt responses in endothelial cells. Am
J Physiol Heart Circ Physiol 285: H1113–H1122, 2003.
12. Buchanan JR, Kleinstreuer C, Truskey GA, and Lei M.
Relation between non-uniform hemodynamics and sites of
altered permeability and lesion growth at the rabbit aorto-
celiac junction. Atherosclerosis 143: 27–40, 1999.
13. Cabral PD and Garvin JL. TRPV4 activation mediates
flow-induced nitric oxide production in the rat thick as-
cending limb. Am J Physiol Renal Physiol 307: F666–
F672, 2014.
14. Cahalan SM, Lukacs V, Ranade SS, Chien S, Bandell M,
and Patapoutian A. Piezo1 links mechanical forces to red
blood cell volume. Elife 4: 1–12, 2015.
15. Cai W and Schaper W. Mechanisms of arteriogenesis.
Acta Biochim Biophys Sini 40: 681–692, 2008.
16. Chachisvilis M, Zhang Y-L, and Frangos JA. G protein-
coupled receptors sense fluid shear stress in endothe-
lial cells. Proc Natl Acad Sci USA 103: 15463–15468,
2006.
17. Chatzizisis YS, Coskun AU, Jonas M, Edelman ER,
Feldman CL, and Stone PH. Role of endothelial shear
stress in the natural history of coronary atherosclerosis and
vascular remodeling. J Am Coll Cardiol 49: 2379–2393,
2007.
18. Chen Z, Rubin J, and Tzima E. Role of PECAM-1 in
arteriogenesis and specification of preexisting collaterals.
Circ Res 107: 1355–1363, 2010.
19. Chen Z and Tzima E. PECAM-1 is necessary for flow-
induced vascular remodeling. Arterioscler Thromb Vasc
Biol 29: 1067–1073, 2009.
20. Chen-Konak L, Guetta-Shubin Y, Yahav H, Shay-Salit A,
Zilberman M, Binah O, and Resnick N. Transcriptional
and post-translation regulation of the Tie1 receptor by
fluid shear stress changes in vascular endothelial cells.
FASEB J 17: 2121–2123, 2003.
21. Chien S. Mechanotransduction and endothelial cell ho-
meostasis: the wisdom of the cell. Am J Physiol Heart
Circ Physiol 292: H1209–H1224, 2007.
22. Chiu Y-J, McBeath E, and Fujiwara K. Mechan-
otransduction in an extracted cell model: Fyn drives
stretch- and flow-elicited PECAM-1 phosphorylation.
J Cell Biol 182: 753–763, 2008.
23. Choquet D, Felsenfeld DP, and Sheetz MP. Extracellular
matrix rigidity causes strengthening of integrin-cytoskeleton
linkages. Cell 88: 39–48, 1997.
24. Cicha I, Wo¨rner A, Urschel K, Beronov K, Goppelt-
Struebe M, Verhoeven E, Daniel WG, and Garlichs CD.
Carotid plaque vulnerability: a positive feedback between
hemodynamic and biochemical mechanisms. Stroke 42:
3502–3510, 2011.
25. Collins C, Guilluy C, Welch C, O’Brien ET, Hahn K,
Superfine R, Burridge K, and Tzima E. Localized ten-
sional forces on PECAM-1 elicit a global mechan-
otransduction response via the integrin-RhoA pathway.
Curr Biol 22: 2087–2094, 2012.
26. Collins C, Osborne LD, Guilluy C, Chen Z, O’Brien ET,
Reader JS, Burridge K, Superfine R, and Tzima E. Hae-
modynamic and extracellular matrix cues regulate the
mechanical phenotype and stiffness of aortic endothelial
cells. Nat Commun 5: 1–12, 2014.
27. Collins C and Tzima E. RhoA goes GLOBAL. Small
GTPases 4: 123–126, 2013.
28. Conway DE, Breckenridge MT, Hinde E, Gratton E, Chen
CS, and Schwartz MA. Fluid shear stress on endothelial
cells modulates mechanical tension across VE-Cadherin
and PECAM-1. Curr Biol 23: 1024–1030, 2013.
29. Coon BG, Baeyens N, Han J, Budatha M, Ross TD, Fang
JS, Yun S, Thomas J-L, and Schwartz MA. In-
tramembrane binding of VE-cadherin to VEGFR2 and
VEGFR3 assembles the endothelial mechanosensory
complex. J Cell Biol 208: 975–986, 2015.
30. Coste B, Mathur J, Schmidt M, Earley TJ, Ranade S,
Petrus MJ, Dubin AE, and Patapoutian A. Piezo1 and
Piezo2 are essential components of distinct mechanically
activated cation channels. Science 330: 55–60, 2010.
31. Coste B, Xiao B, Santos JS, Syeda R, Grandl J, Spencer
KS, Kim SE, Schmidt M, Mathur J, Dubin AE, Montal M,
and Patapoutian A. Piezo proteins are pore-forming sub-
units of mechanically activated channels. Nature 483:
176–181, 2012.
32. Cuhlmann S, Van der Heiden K, Saliba D, Tremoleda JL,
Khalil M, Zakkar M, Chaudhury H, Luong LA, Mason JC,
Udalova I, Gsell W, Jones H, Haskard DO, Krams R, and
Evans PC. Disturbed blood flow induces RelA expression
via c-Jun N-terminal kinase 1: a novel mode of NF-jB
regulation that promotes arterial inflammation. Circ Res
108: 950–959, 2011.
33. de Weert TT, Cretier S, Groen HC, Homburg P, Cakir H,
Wentzel JJ, Dippel DWJ, and van der Lugt A. Athero-
sclerotic plaque surface morphology in the carotid bifur-
cation assessed with multidetector computed tomography
angiography. Stroke 40: 1334–1340, 2009.
34. Delmas P, Nomura H, Li X, Lakkis M, Luo Y, Segal Y,
Ferna´ndez-Ferna´ndez JM, Harris P, Frischauf A-M,
AN OVERVIEW OF ENDOTHELIAL MECHANOSIGNALING 383
Brown DA, and Zhou J. Constitutive activation of G-
proteins by polycystin-1 is antagonized by polycystin-2. J
Biol Chem 277: 11276–11283, 2002.
35. Desjardins C and Duling BR. Heparinase treatment sug-
gests a role for the endothelial cell glycocalyx in regula-
tion of capillary hematocrit. Am J Physiol 258: H647–
H654, 1990.
36. Dirksen MT, van der Wal AC, van den Berg FM, van der
Loos CM, and Becker AE. Distribution of inflammatory
cells in atherosclerotic plaques relates to the direction of
flow. Circulation 98: 2000–2003, 1998.
37. Dorn GW. The fuzzy logic of physiological cardiac hy-
pertrophy. Hypertension 49: 962–970, 2007.
38. Du J, Ma X, Shen B, Huang Y, Birnbaumer L, and Yao X.
TRPV4,TRPC1, andTRPP2assemble to formaflow-sensitive
heteromeric channel. FASEB J 28: 4677–4685, 2014.
39. Duncan GS, Andrew DP, Takimoto H, Kaufman SA,
Yoshida H, Spellberg J, la Pompa de JL, Elia A, Wake-
ham A, Karan-Tamir B, Muller WA, Senaldi G, Zukowski
MM, and Mak TW. Genetic evidence for functional re-
dundancy of Platelet/Endothelial cell adhesion molecule-1
(PECAM-1): CD31-deficient mice reveal PECAM-1-
dependent and PECAM-1-independent functions. J Immunol
162: 3022–3030, 1999.
40. Earley S, Pauyo T, Drapp R, Tavares MJ, Liedtke W, and
Brayden JE. TRPV4-dependent dilation of peripheral re-
sistance arteries influences arterial pressure. Am J Physiol
Heart Circ Physiol 297: H1096–H1102, 2009.
41. Echarri A and Del Pozo MA. Caveolae–mechanosensitive
membrane invaginations linked to actin filaments. J Cell
Sci 00: 1–12, 2015.
42. Essner JJ, Amack JD, Nyholm MK, Harris EB, and Yost
HJ. Kupffer’s vesicle is a ciliated organ of asymmetry in
the zebrafish embryo that initiates left-right development
of the brain, heart and gut. Development 132: 1247–1260,
2005.
43. Faber JE, Chilian WM, Deindl E, van Royen N, and Si-
mons M. A brief etymology of the collateral circulation.
Arterioscler Thromb Vasc Biol 34: 1854–1859, 2014.
44. Feaver RE, Gelfand BD, Wang C, Schwartz MA, and
Blackman BR. Atheroprone hemodynamics regulate fibro-
nectin deposition to create positive feedback that sustains
endothelial inflammation. Circ Res 106: 1703–1711, 2010.
45. FernAndez-Hernando C, Yu J, SuArez Y, Rahner C,
DAvalos A, LasunciOn MA, and Sessa WC. Genetic ev-
idence supporting a critical role of endothelial caveolin-1
during the progression of atherosclerosis. Cell Metab 10:
48–54, 2009.
46. Fleming I, Fisslthaler B, Dixit M, and Busse R. Role of
PECAM-1 in the shear-stress-induced activation of Akt
and the endothelial nitric oxide synthase (eNOS) in en-
dothelial cells. J Cell Sci 118: 4103–4111, 2005.
47. Gao X, Wu L, and O’neil RG. Temperature-modulated
diversity of TRPV4 channel gating: activation by physical
stresses and phorbol ester derivatives through protein ki-
nase C-dependent and -independent pathways. J Biol
Chem 278: 27129–27137, 2003.
48. Garcia-Gonzalez MA, Outeda P, Zhou Q, Zhou F, Me-
nezes LF, Qian F, Huso DL, Germino GG, Piontek KB,
and Watnick T. Pkd1 and Pkd2 are required for normal
placental development. PLoS One 5: 1–12, 2010.
49. Gijsen FJH, Wentzel JJ, Thury A, Mastik F, Schaar JA,
Schuurbiers JCH, Slager CJ, van der Giessen WJ, de
Feyter PJ, van der Steen AFW, and Serruys PW. Strain
distribution over plaques in human coronary arteries re-
lates to shear stress. Am J Physiol Heart Circ Physiol 295:
H1608–H1614, 2008.
50. Girard PR and Nerem RM. Shear stress modulates endo-
thelial cell morphology and F-actin organization through
the regulation of focal adhesion-associated proteins. J Cell
Physiol 163: 179–193, 1995.
51. Goel R, Schrank BR, Arora S, Boylan B, Fleming B,
Miura H, Newman PJ, Molthen RC, and Newman DK.
Site-Specific Effects of PECAM-1 on Atherosclerosis in
LDL Receptor-Deficient Mice. Arterioscler Thromb Vasc
Biol 28: 1996–2002, 2008.
52. Goetz JG, Steed E, Ferreira RR, Roth S, Ramspacher C,
Boselli F, Charvin G, Liebling M, Wyart C, Schwab Y,
and Vermot J. Endothelial cilia mediate low flow sensing
during zebrafish vascular development. Cell Rep 6: 799–
808, 2014.
53. Green J, Yurdagul A, McInnis MC, Albert P, and Orr AW.
Flow patterns regulate hyperglycemia-induced sub-
endothelial matrix remodeling during early atherogenesis.
Atherosclerosis 232: 277–284, 2014.
54. Grundmann S, Schirmer SH, Hekking LHP, Post JA, Io-
nita MG, de Groot D, van Royen N, van den Berg B, Vink
H, Moser M, Bode C, de Kleijn D, Pasterkamp G, Piek JJ,
and Hoefer IE. Endothelial glycocalyx dimensions are
reduced in growing collateral arteries and modulate leu-
cocyte adhesion in arteriogenesis. J Cell Mol Med 13:
3463–3474, 2009.
55. Gudi S, Huvar I, White CR, McKnight NL, Dusserre N,
Boss GR, and Frangos JA. Rapid activation of Ras by fluid
flow is mediated by Galpha(q) and Gbetagamma subunits
of heterotrimeric G proteins in human endothelial cells.
Arterioscler Thromb Vasc Biol 23: 994–1000, 2003.
56. Gudi S, Nolan JP, and Frangos JA. Modulation of GTPase
activity of G proteins by fluid shear stress and phospho-
lipid composition. Proc Natl Acad Sci USA 95: 2515–
2519, 1998.
57. Guilluy C, Dubash AD, and a-Mata RGI. Analysis of
RhoA and Rho GEF activity in whole cells and the cell
nucleus. Nat Protoc 6: 2050–2060, 2011.
58. Hahn C and Schwartz MA. Mechanotransduction in vas-
cular physiology and atherogenesis. Nat Rev Mol Cell Biol
10: 53–62, 2009.
59. Hahn C, Wang C, Orr AW, Coon BG, and Schwartz MA.
JNK2 promotes endothelial cell alignment under flow.
PLoS One 6: 1–8, 2011.
60. Hamik A, Lin Z, Kumar A, Balcells M, Sinha S, Katz J,
Feinberg MW, Gerzsten RE, Edelman ER, and Jain MK.
Kruppel-like factor 4 regulates endothelial inflammation.
J Biol Chem 282: 13769–13779, 2007.
61. Harrison M, Smith E, Ross E, Krams R, Segers D,
Buckley CD, Nash GB, and Rainger GE. The role of
platelet-endothelial cell adhesion molecule-1 in atheroma
formation varies depending on the site-specific hemody-
namic environment. Arterioscler Thromb Vasc Biol 33:
694–701, 2013.
62. Harry BL, Sanders JM, Feaver RE, Lansey M, Deem TL,
Zarbock A, Bruce AC, Pryor AW, Gelfand BD, Blackman
BR, Schwartz MA, and Ley K. Endothelial cell PECAM-1
promotes atherosclerotic lesions in areas of disturbed flow
in ApoE-deficient mice. Arterioscler Thromb Vasc Biol
28: 2003–2008, 2008.
63. Hartmannsgruber V, Heyken W-T, Kacik M, Kaistha A,
Grgic I, Harteneck C, Liedtke W, Hoyer J, and Ko¨hler R.
384 GIVENS AND TZIMA
Arterial response to shear stress critically depends on
endothelial TRPV4 expression. PLoS One 2: 1–9, 2007.
64. Hassan H, Greve B, Pavao MSG, Kiesel L, Ibrahim SA,
and Go¨tte M. Syndecan-1 modulates b-integrin-dependent
and interleukin-6-dependent functions in breast cancer
cell adhesion, migration, and resistance to irradiation.
FEBS J 280: 2216–2227, 2013.
65. Henry CB and Duling BR. Permeation of the luminal
capillary glycocalyx is determined by hyaluronan. Am
J Physiol 277: H508–H514, 1999.
66. Henry CB and Duling BR. TNF-alpha increases entry of
macromolecules into luminal endothelial cell glycocalyx.
Am JPhysiol Heart Circ Physiol 279:H2815–H2823, 2000.
67. Hierck BP, Van der Heiden K, Alkemade FE, Van de Pas
S, van Thienen JV, Groenendijk BCW, Bax WH, Van der
Laarse A, DeRuiter MC, Horrevoets AJG, and Poelmann
RE. Primary cilia sensitize endothelial cells for fluid shear
stress. Dev Dyn 237: 725–735, 2008.
68. Hoffmann J, Dimmeler S, and Haendeler J. Shear stress
increases the amount of S-nitrosylated molecules in en-
dothelial cells: important role for signal transduction.
FEBS Lett 551: 153–158, 2003.
69. Hoger JH, Ilyin VI, Forsyth S, and Hoger A. Shear stress
regulates the endothelial Kir2.1 ion channel. Proc Natl
Acad Sci USA 99: 7780–7785, 2002.
70. Hsieh HJ, Cheng CC, Wu ST, Chiu JJ, Wung BS, and
Wang DL. Increase of reactive oxygen species (ROS) in
endothelial cells by shear flow and involvement of ROS in
shear-induced c-fos expression. J Cell Physiol 175: 156–
162, 1998.
71. Huang B, Chen SC, and Wang DL. Shear flow increases
S-nitrosylation of proteins in endothelial cells. Cardiovasc
Res 83: 536–546, 2009.
72. Huangfu D, Liu A, Rakeman AS, and Murcia NS.
Hedgehog signaling in the mouse requires intraflagellar
transport proteins. Nature 426: 83–87, 2003.
73. Humphrey JD, Schwartz MA, Tellides G, and Milewicz
DM. Role of mechanotransduction in vascular biology:
focus on thoracic aortic aneurysms and dissections. Circ
Res 116: 1448–1461, 2015.
74. Huynh J, Nishimura N, Rana K, Peloquin JM, Califano JP,
Montague CR, King MR, Schaffer CB, and Reinhart-King
CA. Age-related intimal stiffening enhances endothelial
permeability and leukocyte transmigration. Sci Transl
Med 3: 112–122, 2011.
75. Iomini C, Tejada K, Mo W, Vaananen H, and Piperno G.
Primary cilia of human endothelial cells disassemble un-
der laminar shear stress. J Cell Biol 164: 811–817, 2004.
76. Jalali S, Del Pozo MA, Chen K, Miao H, Li Y, Schwartz
MA, Shyy JY, and Chien S. Integrin-mediated mechan-
otransduction requires its dynamic interaction with spe-
cific extracellular matrix (ECM) ligands. Proc Natl Acad
Sci USA 98: 1042–1046, 2001.
77. Jung B, Obinata H, Galvani S, Mendelson K, Ding B-S,
SkouraA, Kinzel B, BrinkmannV, Rafii S, Evans T, and Hla
T. Flow-regulated endothelial S1P receptor-1 signaling sus-
tains vascular development. Dev Cell 23: 600–610, 2012.
78. Kallakuri S, Yu JA, Li J, Li Y, Weinstein BM, Nicoli S,
and Sun Z. Endothelial cilia are essential for develop-
mental vascular integrity in zebrafish. J Am Soc Nephrol
26: 864–875, 2015.
79. Katsumi A, Orr AW, Tzima E, and Schwartz MA. In-
tegrins in Mechanotransduction. J Biol Chem 279: 12001–
12004, 2004.
80. Ko¨hler R, Heyken W-T, Heinau P, Schubert R, Si H,
Kacik M, Busch C, Grgic I, Maier T, and Hoyer J. Evi-
dence for a functional role of endothelial transient re-
ceptor potential V4 in shear stress-induced vasodilatation.
Arterioscler Thromb Vasc Biol 26: 1495–1502, 2006.
81. Lan QX, Mercurius KO, and Davies PF. Stimulation of
transcription factors NFjB and AP1 in endothelial cells
subjected to shear stress. Biochem Biophys Res Commun
201: 950–956, 1994.
82. Leung DY, Glagov S, and Mathews MB. Cyclic stretching
stimulates synthesis of matrix components by arterial
smooth muscle cells in vitro. Science 191: 475–477, 1976.
83. Li J, Hou B, Tumova S, Muraki K, Bruns A, Ludlow MJ,
Sedo A, Hyman AJ, McKeown L, Young RS, Yuldasheva
NY, Majeed Y, Wilson LA, Rode B, Bailey MA, Kim HR,
Fu Z, Carter DAL, Bilton J, Imrie H, Ajuh P, Dear TN,
Cubbon RM, Kearney MT, Prasad KR, Evans PC, Ain-
scough JFX, and Beech DJ. Piezo1 integration of vascular
architecture with physiological force. Nature 515: 279–
282, 2014.
84. Li Y-SJ, Haga JH, and Chien S. Molecular basis of the
effects of shear stress on vascular endothelial cells. J
Biomech 38: 1949–1971, 2005.
85. Lipowsky HH, Kovalcheck S, and Zweifach BW. The
distribution of blood rheological parameters in the micro-
vasculature of cat mesentery. Circ Res 43: 738–749, 1978.
86. Liu Y, Collins C, Kiosses WB, Murray AM, Joshi M,
Shepherd TR, Fuentes EJ, and Tzima E. A novel pathway
spatiotemporally activates Rac1 and redox signaling in
response to fluid shear stress. J Cell Biol 201: 863–873,
2013.
87. Liu Y, Sweet DT, Irani-Tehrani M, Maeda N, and Tzima
E. Shc coordinates signals from intercellular junctions and
integrins to regulate flow-induced inflammation. J Cell
Biol 182: 185–196, 2008.
88. Lu D and Kassab GS. Role of shear stress and stretch in
vascular mechanobiology. J R Soc Interface 8: 1379–
1385, 2011.
89. Lucitti JL, Jones EAV, Huang C, Chen J, Fraser SE, and
Dickinson ME. Vascular remodeling of the mouse yolk
sac requires hemodynamic force. Development 134:
3317–3326, 2007.
90. Malek AM, Alper SL, and Izumo S. Hemodynamic shear
stress and its role in atherosclerosis. JAMA 282: 2035–
2042, 1999.
91. Marrelli SP, O’neil RG, Brown RC, and Bryan RM. PLA2
and TRPV4 channels regulate endothelial calcium in ce-
rebral arteries. Am J Physiol Heart Circ Physiol 292:
H1390–H1397, 2007.
92. Matthews BD, Overby DR, Mannix R, and Ingber DE.
Cellular adaptation to mechanical stress: role of integrins,
Rho, cytoskeletal tension and mechanosensitive ion
channels. J Cell Sci 119: 508–518, 2006.
93. McCormick ME, Collins C, Makarewich CA, Chen Z,
Rojas M, Willis MS, Houser SR, and Tzima E. Platelet
endothelial cell adhesion molecule-1 mediates endotheli-
al-cardiomyocyte communication and regulates cardiac
function. J Am Heart Assoc 4: 1–15, 2014.
94. McCormick ME, Goel R, Fulton D, Oess S, Newman D,
and Tzima E. Platelet-endothelial cell adhesion molecule-1
regulates endothelial NO synthase activity and localization
through signal transducers and activators of transcription 3-
dependent NOSTRIN expression. Arterioscler Thromb
Vasc Biol 31: 643–649, 2011.
AN OVERVIEW OF ENDOTHELIAL MECHANOSIGNALING 385
95. McQuade KJ, Beauvais DM, Burbach BJ, and Rapraeger
AC. Syndecan-1 regulates alphavbeta5 integrin activity in
B82L fibroblasts. J Cell Sci 119: 2445–2456, 2006.
96. Melchior B and Frangos JA. Gaq/11-mediated intracel-
lular calcium responses to retrograde flow in endothelial
cells. Am J Physiol Cell Physiol 303: C467–C473, 2012.
97. Mendoza SA, Fang J, Gutterman DD, Wilcox DA, Bubolz
AH, Li R, Suzuki M, and Zhang DX. TRPV4-mediated
endothelial Ca2+ influx and vasodilation in response to
shear stress. Am J Physiol Heart Circ Physiol 298: H466–
H476, 2010.
98. Murata T, Lin MI, Huang Y, Yu J, Bauer PM, Giordano
FJ, and Sessa WC. Reexpression of caveolin-1 in endo-
thelium rescues the vascular, cardiac, and pulmonary de-
fects in global caveolin-1 knockout mice. J Exp Med 204:
2373–2382, 2007.
99. Murcia NS, Richards WG, Yoder BK, Mucenski ML,
Dunlap JR, and Woychik RP. The Oak Ridge Polycystic
Kidney (orpk) disease gene is required for left-right axis
determination. Development 127: 2347–2355, 2000.
100. Nakache M and Gaub HE. Hydrodynamic hyperpolariza-
tion of endothelial cells. Proc Natl Acad Sci USA 85:
1841–1843, 1988.
101. Nauli SM, Kawanabe Y, Kaminski JJ, Pearce WJ, Ingber
DE, and Zhou J. Endothelial cilia are fluid shear sensors
that regulate calcium signaling and nitric oxide production
through polycystin-1. Circulation 117: 1161–1171, 2008.
102. Olesen SP, Claphamt D, and Davies P. Haemodynamic
shear stress activates a K+ current in vascular endothelial
cells. Nature 331: 168–170, 1988.
103. Orr AW, Helmke BP, Blackman BR, and Schwartz MA.
Mechanisms of mechanotransduction. Dev Cell 10: 11–20,
2006.
104. Orr AW, Sanders JM, Bevard M, Coleman E, Sarembock
IJ, and Schwartz MA. The subendothelial extracellular
matrix modulates NF-kappaB activation by flow: a po-
tential role in atherosclerosis. J Cell Biol 169: 191–202,
2005.
105. Orr AW, Stockton R, SimmersMB, Sanders JM, Sarembock
IJ, Blackman BR, and Schwartz MA. Matrix-specific p21-
activated kinase activation regulates vascular permeability in
atherogenesis. J Cell Biol 176: 719–727, 2007.
106. Osawa M, Masuda M, Kusano K-I, and Fujiwara K.
Evidence for a role of platelet endothelial cell adhesion
molecule-1 in endothelial cell mechanosignal transduc-
tion: is it a mechanoresponsive molecule? J Cell Biol 158:
773–785, 2002.
107. Otte LA, Bell KS, Loufrani L, Yeh J-C, Melchior B, Dao
DN, Stevens HY, White CR, and Frangos JA. Rapid
changes in shear stress induce dissociation of a G alpha(q/
11)-platelet endothelial cell adhesion molecule-1 com-
plex. J Physiol (Lond.) 587: 2365–2373, 2009.
108. Padilla J, Simmons GH, Fadel PJ, Laughlin MH, Joyner
MJ, and Casey DP. Impact of aging on conduit artery
retrograde and oscillatory shear at rest and during exer-
cise: role of nitric oxide. Hypertension 57: 484–489, 2011.
109. Papaioannou TG and Stefanadis C. Vascular wall shear
stress: basic principles and methods. Hellenic J Cardiol
46: 9–15, 2005.
110. Park H, Go YM, St John PL, Maland MC, Lisanti MP,
Abrahamson DR, and Jo H. Plasma membrane cholesterol
is a key molecule in shear stress-dependent activation of
extracellular signal-regulated kinase. J Biol Chem 273:
32304–32311, 1998.
111. Parmar KM, Larman HB, Dai G, and Zhang Y. Integration
of flow-dependent endothelial phenotypes by Kruppel-like
factor 2. J Clin Invest 116: 49–58, 2006.
112. Paz dela NG, Melchior B, Shayo FY, and Frangos JA.
Heparan sulfates mediate the interaction between platelet
endothelial cell adhesion molecule-1 (PECAM-1) and the
Gaq/11 subunits of heterotrimeric G proteins. J Biol Chem
289: 7413–7424, 2014.
113. Pearce MJ, McIntyre TM, Prescott SM, Zimmerman
GA, and Whatley RE. Shear stress activates cytosolic
phospholipase A2 (cPLA2) and MAP kinase in human
endothelial cells. Biochem Biophys Res Commun 218:
500–504, 1996.
114. Porat RM, Grunewald M, Globerman A, Itin A, Barshtein
G, Alhonen L, Alitalo K, and Keshet E. Specific induction
of tie1 promoter by disturbed flow in atherosclerosis-
prone vascular niches and flow-obstructing pathologies.
Circ Res 94: 394–401, 2004.
115. Potter DR, van Teeffelen J, Vink H, and van den berg BM.
Perturbed mechanotransduction by endothelial surface
glycocalyx modification greatly impairs the arteriogenic
process. Am J Physiol Heart Circ Physiol 309: H711–
H717, 2015.
116. Pries AR, Secomb TW, Jacobs H, Sperandio M, Osterloh
K, and Gaehtgens P. Microvascular blood flow resistance:
role of endothelial surface layer. Am J Physiol 273:
H2272–H2279, 1997.
117. Ranade SS, Qiu Z, Woo S-H, Hur SS, Murthy SE, Ca-
halan SM, Xu J, Mathur J, Bandell M, Coste B, Li Y-SJ,
Chien S, and Patapoutian A. Piezo1, a mechanically ac-
tivated ion channel, is required for vascular development
in mice. Proc Natl Acad Sci USA 111: 10347–10352,
2014.
118. Ranade SS, Woo S-H, Dubin AE, Moshourab RA, Wetzel
C, Petrus M, Mathur J, Be´gay V, Coste B, Mainquist J,
Wilson AJ, Francisco AG, Reddy K, Qiu Z, Wood JN,
Lewin GR, and Patapoutian A. Piezo2 is the major
transducer of mechanical forces for touch sensation in
mice. Nature 516: 121–125, 2014.
119. Rizzo V, McIntosh DP, Oh P, and Schnitzer JE. In situ
flow activates endothelial nitric oxide synthase in luminal
caveolae of endothelium with rapid caveolin dissociation
and calmodulin association. J Biol Chem 273: 34724–
34729, 1998.
120. Rizzo V, Sung A, Oh P, and Schnitzer JE. Rapid me-
chanotransduction in situ at the luminal cell surface of
vascular endothelium and its caveolae. J Biol Chem 273:
26323–26329, 1998.
121. Rodriguez-Feo JA, Sluijter JPG, de Kleijn DPV, and Pas-
terkamp G. Modulation of collagen turnover in cardiovas-
cular disease. Curr Pharm Des 11: 2501–2514, 2005.
122. Schaper W. Collateral circulation. Basic Res Cardiol 104:
5–21, 2009.
123. Schaper W and Scholz D. Factors regulating arteriogen-
esis. Arterioscler Thromb Vasc Biol 23: 1143–1151, 2003.
124. Sen-Banerjee S, Mir S, Lin Z, Hamik A, Atkins GB, Das
H, Banerjee P, Kumar A, and Jain MK. Kruppel-like
factor 2 as a novel mediator of statin effects in endothelial
cells. Circulation 112: 720–726, 2005.
125. Shay-Salit A, Shushy M, Wolfovitz E, Yahav H, Breviario
F, Dejana E, and Resnick N. VEGF receptor 2 and the
adherens junction as a mechanical transducer in vascular
endothelial cells. Proc Natl Acad Sci USA 99: 9462–9467,
2002.
386 GIVENS AND TZIMA
126. Shiu Y-T, Li S, Marganski WA, Usami S, Schwartz MA,
Wang Y-L, Dembo M, and Chien S. Rho mediates the
shear-enhancement of endothelial cell migration and
traction force generation. Biophys J 86: 2558–2565, 2004.
127. Sinha B, Ko¨ster D, Ruez R, Gonnord P, Bastiani M,
AbankwaD, StanRV,Butler-BrowneG,VedieB, Johannes
L,Morone N, Parton RG, Raposo G, Sens P, Lamaze C, and
Nassoy P. Cells respond to mechanical stress by rapid dis-
assembly of caveolae. Cell 144: 402–413, 2011.
128. Stepp MA, Daley WP, Bernstein AM, Pal-Ghosh S, Tad-
valkar G, Shashurin A, Palsen S, Jurjus RA, and Larsen M.
Syndecan-1 regulates cell migration and fibronectin fibril
assembly. Exp Cell Res 316: 2322–2339, 2010.
129. Stevens HY, Melchior B, Bell KS, Yun S, Yeh J-C, and
Frangos JA. PECAM-1 is a critical mediator of athero-
sclerosis. Dis Model Mech 1: 175–181, 2008.
130. Sun RJ, Muller S, Stoltz JF, and Wang X. Shear stress
induces caveolin-1 translocation in cultured endothelial
cells. Eur Biophys J 30: 605–611, 2002.
131. Sweet DT, Chen Z, Givens CS, Owens AP, Rojas M, and
Tzima E. Endothelial Shc regulates arteriogenesis through
dual control of arterial specification and inflammation via
the notch and nuclear factor-j-light-chain-enhancer of
activated B-cell pathways. Circ Res 113: 32–39, 2013.
132. Sweet DT, Chen Z, Wiley DM, Bautch VL, and Tzima E.
The adaptor protein Shc integrates growth factor and
ECM signaling during postnatal angiogenesis. Blood 119:
1946–1955, 2012.
133. Sweet DT and Tzima E. Spatial signaling networks converge
at the adaptor protein Shc. Cell Cycle 8: 231–235, 2009.
134. Tarbell JM, Shi Z-D, Dunn J, and Jo H. Fluid mechanics,
arterial disease, and gene expression. Annu Rev Fluid
Mech 46: 591–614, 2014.
135. Thi MM, Tarbell JM, Weinbaum S, and Spray DC. The
role of the glycocalyx in reorganization of the actin cy-
toskeleton under fluid shear stress: a ‘‘bumper-car’’
model. Proc Natl Acad Sci USA 101: 16483–16488, 2004.
136. Tkachenko E, Rhodes JM, and Simons M. Syndecans:
new kids on the signaling block. Circ Res 96: 488–500,
2005.
137. Trinity JD, Groot HJ, Layec G, Rossman MJ, Ives SJ, and
Richardson RS. Impact of age and body position on the
contribution of nitric oxide to femoral artery shear rate:
implications for atherosclerosis. Hypertension 63: 1019–
1025, 2014.
138. Tzima E. Role of small GTPases in endothelial cyto-
skeletal dynamics and the shear stress response. Circ Res
98: 176–185, 2006.
139. Tzima E, Del Pozo MA, Kiosses WB, Mohamed SA, Li S,
Chien S, and Schwartz MA. Activation of Rac1 by shear
stress in endothelial cells mediates both cytoskeletal re-
organization and effects on gene expression. EMBO J 21:
6791–6800, 2002.
140. Tzima E, Del Pozo MA, Shattil SJ, Chien S, and Schwartz
MA. Activation of integrins in endothelial cells by fluid
shear stress mediates Rho-dependent cytoskeletal align-
ment. EMBO J 20: 4639–4647, 2001.
141. Tzima E, Irani-Tehrani M, Kiosses WB, Dejana E,
Schultz DA, Engelhardt B, Cao G, DeLisser H, and
Schwartz MA. A mechanosensory complex that mediates
the endothelial cell response to fluid shear stress. Nature
437: 426–431, 2005.
142. Tzima E, Kiosses WB, Del Pozo MA, and Schwartz MA.
Localized cdc42 activation, detected using a novel assay,
mediates microtubule organizing center positioning in
endothelial cells in response to fluid shear stress. J Biol
Chem 278: 31020–31023, 2003.
143. Van der Heiden K, Groenendijk BCW, Hierck BP, Hogers
B, Koerten HK, Mommaas AM, Gittenberger-de Groot
AC, and Poelmann RE. Monocilia on chicken embryonic
endocardium in low shear stress areas. Dev Dyn 235: 19–
28, 2006.
144. Van der Heiden K, Hierck BP, Krams R, de Crom R,
Cheng C, Baiker M, Pourquie MJBM, Alkemade FE,
DeRuiter MC, Gittenberger-de Groot AC, and Poelmann
RE. Endothelial primary cilia in areas of disturbed flow
are at the base of atherosclerosis. Atherosclerosis 196:
542–550, 2008.
145. Vink H and Duling BR. Capillary endothelial surface layer
selectively reduces plasma solute distribution volume. Am
J Physiol Heart Circ Physiol 278: H285–H289, 2000.
146. Voyvodic PL, Min D, Liu R, Williams E, Chitalia V,
Dunn AK, and Baker AB. Loss of syndecan-1 induces a
pro-inflammatory phenotype in endothelial cells with a
dysregulated response to atheroprotective flow. J Biol
Chem 289: 9547–9559, 2014.
147. Wang N, Butler JP, and Ingber DE. Mechanotransduction
across the cell surface and through the cytoskeleton. Sci-
ence 260: 1124–1127, 1993.
148. Watanabe H, Davis JB, Smart D, Jerman JC, Smith GD,
Hayes P, Vriens J, Cairns W, Wissenbach U, Prenen J,
Flockerzi V, Droogmans G, Benham CD, and Nilius B.
Activation of TRPV4 channels (hVRL-2/mTRP12) by
phorbol derivatives. J Biol Chem 277: 13569–13577, 2002.
149. Watanabe H, Vriens J, Prenen J, Droogmans G, Voets T,
and Nilius B. Anandamide and arachidonic acid use
epoxyeicosatrienoic acids to activate TRPV4 channels.
Nature 424: 434–438, 2003.
150. Watanabe H, Vriens J, Suh SH, Benham CD, Droogmans
G, and Nilius B. Heat-evoked activation of TRPV4
channels in a HEK293 cell expression system and in na-
tive mouse aorta endothelial cells. J Biol Chem 277:
47044–47051, 2002.
151. Weinbaum S, Tarbell JM, and Damiano ER. The structure
and function of the endothelial glycocalyx layer. Annu
Rev Biomed Eng 9: 121–167, 2007.
152. Weinbaum S, Zhang X, Han Y, Vink H, and Cowin SC.
Mechanotransduction and flow across the endothelial gly-
cocalyx. Proc Natl Acad Sci USA 100: 7988–7995, 2003.
153. Wojciak-Stothard B, and Ridley AJ. Shear stress-induced
endothelial cell polarization is mediated by Rho and Rac
but not Cdc42 or PI 3-kinases. J Cell Biol 161: 429–439,
2003.
154. Woo KV, Qu X, Babaev VR, and Linton M. Tie1 atten-
uation reduces murine atherosclerosis in a dose-dependent
and shear stress–specific manner. J Clin Invest 121: 1624–
1635, 2011.
155. Yamamoto K, Korenaga R, and Kamiya A. Fluid shear
stress activates Ca2+ influx into human endothelial cells
via P2X4 purinoceptors. Circ Res 87: 385–391, 2000.
156. Yang B, Radel C, Hughes D, Kelemen S, and Rizzo V.
p190 RhoGTPase-activating protein links the b1 integrin/
caveolin-1 mechanosignaling complex to RhoA and actin
remodeling. Arterioscler Thromb Vasc Biol 31: 376–383,
2011.
157. Yang B and Rizzo V. Shear Stress Activates eNOS at the
Endothelial Apical Surface Through b1 Containing In-
tegrins and Caveolae. Cell Mol Bioeng 6: 346–354, 2013.
AN OVERVIEW OF ENDOTHELIAL MECHANOSIGNALING 387
158. Yoshida T, Inoue R, Morii T, Takahashi N, Yamamoto S,
Hara Y, Tominaga M, Shimizu S, Sato Y, and Mori Y.
Nitric oxide activates TRP channels by cysteine S-
nitrosylation. Nat Chem Biol 2: 596–607, 2006.
159. Young CN, Deo SH, Padilla J, Laughlin MH, and Fadel PJ.
Pro-atherogenic shear rate patterns in the femoral artery of
healthy older adults. Atherosclerosis 211: 390–392, 2010.
160. Yu J, Bergaya S, Murata T, Alp IF, Bauer MP, Lin MI,
Drab M, Kurzchalia TV, Stan RV, and Sessa WC. Direct
evidence for the role of caveolin-1 and caveolae in me-
chanotransduction and remodeling of blood vessels. J Clin
Invest 116: 1284–1291, 2006.
161. Yuan S and Sun Z. Expanding horizons: ciliary proteins
reach beyond cilia. Annu Rev Genet 47: 353–376, 2013.
162. Zeng Y, Adamson RH, Curry F-RE, and Tarbell JM.
Sphingosine-1-phosphate protects endothelial glycocalyx
by inhibiting syndecan-1 shedding. Am J Physiol Heart
Circ Physiol 306: H363–H372, 2014.
163. Zheng W, Jiang B, Wang D, Zhang W, Wang Z, and Jiang
X. A microfluidic flow-stretch chip for investigating blood









Date of first submission to ARS Central, September 10, 2015;
date of final revised submission, January 25, 2016; date of









HDLEC¼ human dermal lymphatic endothelial cell





PECAM-1¼ platelet endothelial cell adhesion
molecule-1
PI3K¼ phosphoinositide 3-kinase
PKA¼ protein kinase A
PLA2¼ phospholipase A2
ROS¼ reactive oxygen species
S1P1¼ sphingosine-1 phosphate receptor 1
TK¼ tyrosine kinase
TM¼ transmembrane
TRPC5¼ transient receptor potential channel 5
TRPV4¼ transient receptor potential vanilloid 4
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